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Ciona intestinalischord and its overlying dorsal neural tube are the most prominent features of the
chordate body plan. Although the molecular mechanisms involved in the formation of the central nervous
system (CNS) have been studied extensively in vertebrate embryos, none of the genes that are expressed
exclusively in notochord cells has been shown to function in this process. Here, we report a gene in the
urochordate Ciona intestinalis encoding a ﬁbrinogen-like protein that plays a pivotal role in the notochord-
dependent positioning of neuronal cells. While this gene (Ci-ﬁbrn) is expressed exclusively in notochord cells,
its protein product is not conﬁned to these cells but is distributed underneath the CNS as ﬁbril-like
protrusions. We demonstrated that Ci-ﬁbrn interacts physically and functionally with Ci-Notch that is
expressed in the central nervous system, and that the correct distribution of Ci-ﬁbrn protein is dependent on
Notch signaling. Disturbance of the Ci-ﬁbrn distribution caused an abnormal positioning of neuronal cells
and an abnormal track of axon extension. Therefore, it is highly likely that the interaction between the
notochord-based ﬁbrinogen-like protein and the neural tube-based Notch signaling plays an essential role in
the proper patterning of CNS.
© 2009 Elsevier Inc. All rights reserved.IntroductionThe midline organ the notochord and its overlying dorsal neural
tube are the most prominent features of the chordate body plan
(reviewed by Satoh, 2003). The cellular and molecular mechanisms
involved in the formation and/or patterning of the dorsal nervous
system in vertebrate embryos have been extensively studied
(reviewed by Jessell, 2000; Wilson and Edlund, 2001; Wilson and
Maden, 2005). For example, Otx and Nodal, as well as Notch signaling
are indispensable for neural development. In addition, Sonic hedge-
hog (Shh), which is produced by the notochord and its overlying ﬂoor
plate, is responsible for inducing the ventral neural cell types in a
concentration-dependent manner. Non-Shh-mediated signals such as
BMP and FGF also play pivotal roles in neuronal cell-type speciﬁcation
through their localized expression. However, no report has hitherto
demonstrated that genes expressed exclusively in the notochord played at Department of Zoology,
u, Kyoto 606-8502, Japan. H.
nal Institute for Basic Biology,
c.jp (S. Yamada),
l rights reserved.any pivotal role in the patterning of the nervous system. Here, we
attempted to identify such genes using the experimental system of the
urochordate ascidian Ciona intestinalis, a model organism in the ﬁelds
of developmental genomics and developmental evolutionary biology
(reviewed by Satoh, 2003; Satoh et al., 2003; Shi et al., 2005; Imai
et al., 2006).
The genome of C. intestinalis is composed of ∼160 Mb and contains
∼16,000 protein-coding genes (Dehal et al., 2002). The ascidian
genome has fewer paralogous genes for transcription factors (e.g.
Satou et al., 2003a; Wada et al., 2003) and signaling molecules (e.g.
Hino et al., 2003; Satou et al., 2003b) than are generally found in
vertebrate genomes. This difference gives Ciona two advantages as a
model organism: fewer genes that need to be tested in functional
assays and fewer problems with redundant activities from paralogous
genes.
In addition, the simplicity of Ciona embryogenesis permits in-
depth analyses of the complex mechanisms responsible for establish-
ing the chordate body plan (reviewed by Satoh et al., 2003; Nishida,
2005; Passamaneck and Di Gregorio, 2005; Satoh and Levine, 2005).
For example, the anterior sensory vesicle with otolith and ocellus, the
intermediate visceral ganglion, and the posterior nerve cord collec-
tivelymake up the CNS, but the CNS consists of only 350 cells, of which
∼80 are neurons (reviewed byMeinertzhagen et al., 2004). FGF9/16/20
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5/8 (Wada et al., 1998) are involved in the speciﬁcation and
subsequent differentiation of CNS cells (reviewed by Meinertzhagen
et al., 2004; Nishida, 2005; Passamaneck and Di Gregorio, 2005).
The notochord forms in the larval midline tail and consists of
exactly 40 cells. The lineage of these cells has been completely
documented (Nishida, 1987). During gastrulation and neurulation,
these right and left progenitor cells converge towards the midline of
the embryo (Miyamoto and Crowther, 1985; Munro and Odell,
2002a,b). The cells then intercalate and extend to form a single row of
cells, in which prickle, a component specifying planar cell polarity,
plays a pivotal role (Jiang et al., 2005). Later, intracellular and/or
extracellular vacuoles are produced and increase the cell volume
(Cloney, 1990; Jiang and Smith, 2007). However, in the ascidian
embryo, little is known so far about the molecular interactions
between the notochord and the overlying nervous system.
In the present study, we searched for genes that are expressed
exclusively in notochord cells and that affect the patterning of the
nervous system. In ascidians, the T-box gene Brachyury (Bra) is spatio-
temporally expressed from the 64-cell stage exclusively in primordial
notochord cells and plays a pivotal role in notochord formation (Yasuo
and Satoh, 1993; Corbo et al., 1997). We have already characterized
nearly 40 notochord genes that are either direct or indirect targets of
the Ci-Bra transcription factor in C. intestinalis (Takahashi et al., 1999;
Hotta et al., 2000; Hotta et al., 2008). Of these targets, Ci-ﬁbrn is
expressed exclusively in notochord cells from the neural plate stage.
Therefore, here we examined the Ci-ﬁbrn protein distribution and
effect on the formation of the dorsal nervous system. Interestingly, the
protein product was not conﬁned to the notochord cells, but rather
was instead distributed underneath the nervous system as ﬁbril-like
protrusions.
Ci-ﬁbrn was a ﬁbrinogen-like protein similar to the Scabrous
protein of Drosophila melanogaster (Baker et al., 1990; Mlodzik et al.,
1990). In Drosophila, Scabrous (sca) mutations act cell-autonomously
and cause defects in the spacing and in the number of sensory
mother cells in the epidermis and of R8 precursor cells in the retina
(Baker et al., 1990; Mlodzik et al., 1990; Renaud and Simpson, 2001;
Chou and Chien, 2002). In addition, Notch acts cell-autonomously in
the speciﬁcation of the same cell types and sca mutations affect a
subset of Notch functions. Genetic and histological studies have
suggested a function for Scabrous as a secreted Notch ligand (Baker
et al., 1990; Mlodzik et al., 1990). Notch signaling plays a pivotal role
in the formation of the vertebrate nervous system (Artavanis-
Tsakonas et al., 1999; Louvi and Artavanis-Tsakonas, 2006), and has
also been reported to do so in another ascidian, Halocynthis roretzi
(Akanuma et al., 2002). Therefore, we also examined the distribu-
tion and function of Notch in Ciona embryos. As a result, it
becomes clear that the correct distribution of Ci-ﬁbrn was depen-
dent on Notch signaling from the overlying neural tube. Ci-ﬁbrn
interacted directly with the Ci-Notch extracellular domain, and
disturbance of the Ci-ﬁbrn distribution caused abnormal positioning
of neuronal cells.
Materials and methods
Experimental design
C. intestinalis eggs and spermwere handled as described previously
(Hotta et al., 2000). Morpholino oligonucleotides were microinjected
into dechorionated fertilized eggs as described below. Embryos were
electroporated with reporter constructs at the one-cell stage as
previously described (Takahashi et al., 1999). Eighty-microgram
aliquots of plasmid DNA were used in each electroporation. After
electroporation, the embryos were maintained in agar-coated dishes
with Millipore-ﬁltered seawater containing 50 μg/ml streptomycin
sulfate at 18°C. Embryos were ﬁxed at room temperature for 30 min in4% paraformaldehyde dissolved in 0.5 M NaCl, 0.1 M MOPS pH 7.5.
Fluorescence was observed by confocal microscopy using an LSM 510
META microscope (Carl Zeiss).
Ci-ﬁbrn-EGFP/RFP constructs
An 885-bp upstream sequence of Ci-Bra was fused in frame with
the cDNA for Ci-ﬁbrn-EGFP (monomer EGFP) or RFP. This upstream
sequence of Ci-Bra contains the basal promoter and enhancers needed
to express chimeric ﬁbrn:EGFP speciﬁcally in notochord cells. The Ci-
ﬁbrn and EGFP fusions were constructed as follows. To remove the
CMV promoter from pEGFP-N1 (BD Biosciences), the vector was
digested with AseI and NheI, blunted with Klenow fragment (Takara),
and then re-ligated. To construct the Ci-Bra promoter region tagged
with EGFP, which includes the ﬁrst 885 bp upstream from the start
codon, the primers T3 and 5′-Ci-Bra HindIII were used for PCR
ampliﬁcation. The ampliﬁed fragment was then digested with HindIII
and ligated into HindIII-digested pEGFP-N1/CMV(−). To construct Ci-
ﬁbrn tagged with EGFP, the Ci-ﬁbrn coding sequence was ampliﬁed by
PCR. Sequences ﬂanking Ci-ﬁbrnwere converted to a Kozak consensus
translation initiation site. The primers ACCﬁbrnSalI and ﬁbrnBamHI
were used for PCR ampliﬁcation. The ampliﬁed fragment was then
digested with SalI/BamHI and ligated into SalI/BamHI-digested Ci-Bra
promoter/pEGFP-N1/CMV(−).
The PCR primers used were: T3, 5′-AATTAACCCTCACTAAAGGG-3′;
5′-Ci-Bra HindIII, 5′-CCCAAGCTTCATTATAGGTTTGTAACTCG-3′; ACC
ﬁbrn SalI, 5′-ACGCGTCGACAACCATGCTGTCCGTTCCTATTTATA-
TATTGTCA-3′; and ﬁbrn BamHI, 5′-CGCGGATCCTTATAGGTTCTTCTGG-
CATTGAAATTCAA-3′.
Mutated constructs of Ci-ﬁbrn-EGFP
A full-length Ci-ﬁbrn construct was used as a template for PCR
ampliﬁcation. Ci-ﬁbrnΔNT which lacks the aa 41–416 region, and Ci-
ﬁbrn 3DN (Asp570, 572, 574→Asn) were constructed in the same
manner using the primers DeltaNTﬁbrnF, DeltaNTﬁbrnR, ﬁbrn3DNF,
and ﬁbrn3DNR. The sequences of these primers were: DeltaNTﬁbrnF,
5′-CTACCATACGACTGTGCTGAATTATACGCA-3′; DeltaNTﬁbrnR, 5′-
TTCGTTAGCTGCAGCATCATTTGTAGCAGG-3′; ﬁbrn3DNF, 5′-CCGTTCA-
CAACATTTAATCGCAACAACAACGGTTACGCATTG-3′; and ﬁbrn3DNR,
5′-TTGGAGATGATGATTGTAATTCTCGCCATA-3′.
Anti-Ci-ﬁbrn antibody
To construct Ci-ﬁbrn tagged with glutathione S-transferase (GST),
the 300-bp cDNA fragment coding for aa 250–350 (100 amino acids)
was ampliﬁed by PCR and ligated into pGEX-6P-2 (Amersham Biosci.).
The recombinant protein was expressed according to the protocol of
the manufacturer of the vector (Amersham Biosci.). The supernatant
containing the recombinant GST fusion protein was incubated with
glutathione-conjugated Sepharose 4B beads. The beads were washed
to remove any unbound protein, and then the recombinant protein
was released from the bead-bound fusion protein by site-speciﬁc
proteolysis with PreScission protease (Amersham Biosci.), and this
released protein was then used to immunize rabbits.
Ci-Nut:RFP and Hr-synaptotagmin:EGFP constructs
Ci-Nut(promoter):LacZ constructs (Etani and Nishikata, 2002)
were a kind gift from Dr. Takahito Nishikata (Konan University). We
modiﬁed Ci-Nut promoter region of this construct to encode Ci-Nut
tagged with RFP, resulting in a construct which included the ﬁrst
1118 bp from the start codon of the Ci-Nut gene (Accession no.
AB078611). The primers Ci-Nut up N1 HindF and Ci-Nut up N1 HindR
were used for PCR ampliﬁcation. The ampliﬁed fragment was digested
with HindIII and ligated into HindIII-digested pEGFP-N1/CMV(−) or
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5′-CCCAAGCTTAGTCTGGGGTTATGTGAGTGAAATAGCTAA-3′ and Ci-
Nut up N1 HindR, 5′-CCCAAGCTTCATGTTGTTGATATAGTGTACAA-
CTCAATA-3′.
The Hr-synaptotagmin(promoter):EGFP constructs (Di1) (Kat-
suyama et al., 2002) were a kind gift from Dr. Yasushi Okamura
(Osaka University).
Morpholino oligonucleotides and microinjection
Morpholino antisense oligonucleotides (MOs) weremade-to-order
(Gene Tools, LLC). Ci-ﬁbrn MO was 5′-ATATAAATAGGAACGGAC-
AGCATTA-3′, and control Ci-ﬁbrn 5misMO was 5′-ATATcAATA-
cGAAgGGAgAGgATTA-3′. Microinjection was carried out as
described previously (Satou et al., 2001). The control morpholino
did not show any effect.
Cytochalasin D and nocodazole treatment of embryos
The embryos were electroporated at the one-cell stage with the
fusion gene containing the notochord-speciﬁc promoter attached to
either Ci-ﬁbrn or to Ci-ﬁbrnΔNTand then allowed to develop for 9 h at
18°C. The electroporated embryos were then treated with either
DMSO, cytochalasin D (Sigma), or nocodazole (Sigma). For drug
treatments, the embryos were incubated in 1 ml of seawater
containing 8 μl of DMSO, 40 μg/ml cytochalasin D and 40 μg/ml
nocodazole on ice for 1 h prior to ﬁxation.
γ-secretases inhibitor (DAPT) treatment of embryos
The embryos were electroporated at the one-cell stage with the
fusion gene containing the notochord-speciﬁc promoter attached to
either Ci-ﬁbrn RFP or to Ci-ﬁbrn 3DN. Embryos expressing neuron-
speciﬁc Hr-synaptotagmin(promoter):EGFP were allowed to develop
for 5.5 h at 18°C and then were treated with DMSO and DAPT
(Calbiochem). For drug treatments, the embryos were incubated in
5 ml of seawater containing 25 μl of DMSO,100 μMDAPT for either 6.5
or 14.5 h prior to ﬁxation.
Ci-Notch and active-form Ci-Notch constructs
The genomic DNA fragment containing the upstream region of Ci-
Notch was ampliﬁed by PCR using the gene-speciﬁc oligonucleotide
primers NotchUPXhoIF and NotchUPHindIIIR for Ci-Notch. The
genomic organization of Ci-Notch was determined by comparing the
full-length cDNA sequence with the whole-genome sequences in the
JGI Ciona Genome project database (http://www.jgi.doe.gov/ciona). To
construct the Ci-Notch promoter region tagged with either EGFP or
RFP, which included the ﬁrst 1426 bp from the start codon of the Ci-
Notch gene (Accession no. AB231293), the primers NotchUPXhoIF and
NotchUPHindIIIR were used for PCR ampliﬁcation. The ampliﬁed
fragment was digested with XhoI/HindIII and ligated into XhoI/
HindIII-digested pEGFP-N1/CMV(−) or pRFP-N1/CMV(−). The primer
sequences used were: NotchUPXhoIF, 5′-ccgctcgagTTCGTACATCTGT-
ATATACTCAAACACCAA-3′ and NotchUPHindIIIR, 5′-cccaagcttCAT-
GTTAGAAGTATTGCTTCTGTTTCACAC-3′.
To construct the Ci-Notch active form tagged with RFP, the Ci-
Notch active form (aa 1744–2582) coding sequence was ampliﬁed by
PCR. The Ci-Notch active form lacked the DNA sequence encoding the
extracellular domain and the transmembrane domain (aa 1–1738). An
ACC Kozak sequence was attached to the start codon of Ci-Notch. The
primers NotchDelExTmKpnF and NotchDelExTmBamR were used for
PCR ampliﬁcation. The ampliﬁed fragment was digested with KpnI/
BamHI and then ligated into KpnI/BamHI-digested Ci-Notch promo-
ter/pRFP-N1/CMV(−). To construct the Ci-Notch active form with a
delta ankyrin repeat (control) and taggedwith RFP, the Ci-Notch activeform of the delta ankyrin repeat eliminated the DNA sequence
encoding the ankyrin repeat (aa 1865–2084). The Ci-Notch active form
delta ankyrin repeat was derived from the Ci-Notch active form. The
two regions of the DNA sequence encoding the Ci-Notch internal
domains A (aa 1714–1864) and B (aa 2085–2549) were ampliﬁed by
PCR. The primers NotchDelExTmKpnF, NotchDelAnkFusiR, NotchDe-
lAnkFusiF, and NotchDelExTmBamR were used for PCR ampliﬁcation.
The ampliﬁed fragments of the Ci-Notch internal domains A and B
were used as templates for the next PCR ampliﬁcation with the
primers NotchDelExTmKpnF and NotchDelExTmBamR. The ampliﬁed
fragments were digested with KpnI/BamHI and ligated into KpnI/
BamHI-digested Ci-Notch promoter/pRFP-N1/CMV(−). Injection of the
control Ci-Notch active form delta ankyrin repeat did not have any
effect on Ci-ﬁbrn distribution.
The primer sequences were: NotchDelExTmKpnF, 5′-cggggtacc-
gaccatgGAGACAAGTACATTATGGGC-3′; NotchDelExTmBamR, 5′-cgcg-
gatccttAGCTACCCCCATTTTGCCGGCGATCGC-3′; NotchDelAnkFusiR,
5′-CCTATCCATATGGTCCGTATCTGGACCGCGTGCGTTAAC-3′ and
NotchDelAnkFusiF, 5′-AACGCACGCGGTCCAGATACGGACCATATGGA-
TAGGTTA-3′.
Immunoprecipitation and GST pull-down analyses
293T cells were transiently transfected with the indicated
constructs by the calcium phosphate method. Twenty-four to forty-
eight hours after transfection, the cells were lysed in lysis buffer
[50 mM Tris–HCl (pH 7.5), 100 mM NaCl, 5 mM EDTA, 0.1% Triton-X
100, 50 mM sodium ﬂuoride, 40 mM β-glycerophosphate, and 200 μM
sodium orthoranadate). Immunoprecipitation and GST pull-down
analyses were performed by incubating the lysates at 4°C for 1–2 h
with the indicated antibody coupled to protein A Sepharose CL 4B and
with glutathione Sepharose 4B (Pharmacia), respectively. The pre-
cipitates were thenwashed with lysis buffer and subjected toWestern
blot analysis with the indicated antibody. The antibodies used were as
follows: M2 Flag monoclonal antibody (Sigma), anti-GST antibody
(Santa Cruz Biotechnology), and anti-Myc antibody (Santa Cruz
Biotechnology).
Results
Ci-ﬁbrn mRNA is expressed exclusively in notochord cells, but the protein
product is distributed outside of these cells
One of the Ci-Bra downstream genes, Ci-ﬁbrn, was expressed
exclusively in notochord cells from the neural plate stage, and its
expression persisted in embryos at the tailbud stage (Fig. 1A). The
subcellular distribution of Ci-ﬁbrn protein was examined by immu-
nohistochemistry. In contrast to the restricted localization of the
transcript within the cell cytoplasm, the protein product was not
conﬁned to the cells. Immunohistochemistry revealed an extracellular
distribution of Ci-ﬁbrn protein (Figs. 1B–D, green signals), which was
ﬁrst visible in dorsal-side of notochord cells of neurulae (Figs. 1B–B″).
As development progressed, the protein at ﬁrst appeared to be
membrane-associated, then appeared in the extracellular matrix
surrounding notochord cells, and ﬁnally in the ﬁbrils extending from
the cells (Figs. 1C, D).
To recapitulate the ﬁbrous extension of the Ci-ﬁbrn protein, Ci-
ﬁbrn-GFP fusion constructs were injected into one-cell stage embryos.
In these fusions, EGFP was linked to the C-terminus of Ci-ﬁbrn. The
expression of these fused genes was driven by a Ci-Bra (notochord-
speciﬁc) promoter. The Ci-Bra (notochord) promoter:Ci-ﬁbrn-GFP
fusion protein appeared with a ﬁbril-extending pattern (Figs. 1E, F,
green signals), analogous to what was observed by endogenous Ci-
ﬁbrn immunohistochemistry (Fig. 1D). At the early to late tailbud
stage, when nervous system patterning takes place, Ci-ﬁbrn appeared
to surround the nervous system (Figs. 1D–F). Examination of Ci-ﬁbrn
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speciﬁc gene, Ci-Nut (Etani and Nishikata, 2002; Figs. 1E', F', magenta
signals), showed that Ci-ﬁbrn surrounded the nervous system in the
dorsal region of the head (Figs. 1E, F, green signals). These resultssuggest that there is a close positional relationship between Ci-ﬁbrn
and the nervous system. The Ci-ﬁbrn distribution was transient, and
disappeared in the head and tail regions by the end of the late tailbud
stage (Fig. 1G, dark blue color).
Fig. 2. Ci-ﬁbrn encodes a ﬁbrinogen-like protein, and the FBG domain of Ci-ﬁbrn is essential for its extracellular distribution. (A) Fibrinogen-like proteins share the ﬁbrinogen-related
domain (FBG) in the C-terminal half, but their N-terminal half has diverged. The identity (%) of the FBG domain amino-acid residues between Ci-ﬁbrn and the other ﬁbrinogen-like
proteins is shown. Rat ﬁbrinogen-like protein 2 and mouse ﬁbrinogen-like proteins have partial sequence similarity with the cytoskeletal protein tektin, while human and pig
ﬁbrinogen-like protein 2 have partial sequence similarity with COG2433, a conserved protein with unknown function. (B) Fusion gene constructs tagged with EGFP (green) to
examine the role of sequence elements of Ci-ﬁbrn in its extracellular distribution. Ci-ﬁbrn consists of an N-terminal signal peptide (amino acids 1–15; yellow), a coiled-coil domain
(aa 195–215; grey) and an FBG domain (aa 417–644; red). ΔNT lacks the N-terminal half, and 3DN is a mutation in which the three conserved D residues in the DXDXD motif (see C)
are changed to N residues. (C) Conservation of the DXDXDmotif in the FBG domain of ﬁbrinogen-like proteins. ScaUM2 indicates amutant Drosophila ﬁbrinogen-like protein Scabrous
that has D654N in this motif, while FbgVlissingen indicates that the human ﬁbrinogen Vlissingen mutant γ-chain has deletion of two amino acids. (D–F) Distribution of EGFP in
embryos electroporated with (D–D″) Ci-Bra (notochord) promoter:Ci-ﬁbrn-EGFP (control), (E–E″) Ci-Bra promoter:Ci-ﬁbrn 3DN-EGFP or (F–F″) Ci-Bra promoter:Ci-ﬁbrnΔNT:EGFP;
(D–F) side view of the tailbud embryos, (D′–F′) mergedwith bright ﬁeld view, and (D″–F″) dorsal view of the head region of larvae. (E–E″) EGFP in a Ci-ﬁbrn 3DN-mutated embryowas
seen only within the cytoplasm of notochord cells (not detected in the head region, arrowheads), while (F–F″) the Ci-ﬁbrnΔNT mutant showed an upregulation of the extracellular
distribution of Ci-ﬁbrnΔNT (asterisk). Scale bar, 50 μm.
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Ci-ﬁbrn encodes a ﬁbrinogen-like protein similar to the Scabrous
protein of Drosophila melanogaster (Baker et al., 1990; Mlodzik et al.,
1990) (Fig. 2A). Ci-ﬁbrn is a polypeptide consisting of 644 amino acids
(Fig. 2B). The N-terminus contains a signal peptide–like sequence
[amino acids (aa) 1-15] and a coiled–coil domain (aa 195-215), while
the C-terminal half involves the ﬁbrinogen–related domain (FBG) (aa
417-644), which is characteristic of blood coagulation factors (Parr et
al., 1995; Hancock et al., 2004). Rat ﬁbrinogen-like protein 2 and
mouse ﬁbrinogen-like proteins have partial sequence similarity of the
cytoskeletal protein tektin, while human and pig ﬁbrinogen-like
protein 2 have partial sequence similarity to COG2433, a conserved
protein with unknown function (Fig. 2A).Fig. 1. Expression and distribution of Ci-ﬁbrn protein in Ciona intestinalis embryos. (A) Spec
whole-mount in situ hybridization. Embryos at the gastrula (G), neural plate (NP), neurul
Extracellular distribution of Ci-ﬁbrn protein. (B, C) Single slices along the z-axis of embryos a
intensity projection of all slices along the z-axis is shown in this view. Immunostaining of emb
magenta. (B″, C″) Immunostaining of embryos with an anti-Ci-ﬁbrn antibody is shown in gr
dorsal regions of the trunk, surrounding the CNS, in embryos at the mid tailbud stage in (D, E
and (D′) with phalloidin (magenta). Arrows indicate the border of the sensory vesicles; the a
underneath elongated axons. Scale bar, 50 μm. (E, F) Expression of EGFP and RFP reporters in
(CNS) promoter:RFP (magenta), and (E″, F″) merged photomicrograph. Scale bar, 50 μm. (G) D
that surrounding the nervous system (dark blue). eTb, early tailbud; mTb, mid tailbud; an
epidermal neuron; SV, sensory vesicle; VCEN, ventral–caudal epidermal neuron; and VG, viFusion constructs lacking either the N -or C-terminal half of
Ci-ﬁbrn were employed to examine the sequence elements respon-
sible for the extracellular protein distribution (Figs. 2B-F). The FBG
domain of Ci-ﬁbrn, especially the DXDXD motif (Hu et al., 1995)
(Fig. 2C), was indispensable for extracellular distribution as well as for
themembrane-associated localization. When the Asp (D)s at positions
570, 572 and 574 of the DXDXD motif were changed to Asn (N)s (Ci-
ﬁbrn3DN of Fig. 2B), Ci-ﬁbrn was no longer deposited outside the cell
(Fig. 2E). Ci-ﬁbrnΔNT is a mutant that lacks the N-terminal half of Ci-
ﬁbrn (Fig. 2B). In contrast to Ci-ﬁbrn3DN, the distribution of EGFP
reporter protein in embryos electroporated with Ci-ﬁbrnΔNT showed
upregulation of the extracellular Ci-ﬁbrn distribution (Fig. 2F),
suggesting that the N-terminal half of Ci-ﬁbrn is involved in appro-
priate protein distribution.iﬁc expression of the Ci-Bra and Ci-ﬁbrn genes in notochord cells (arrows) revealed by
a (N), and initial (iT) and mid tailbud (mT) stages are shown. Scale bar, 50 μm. (B–F)
t the neurula and the initial tailbud stage are shown in lateral view. (B′, C′) A maximum
ryos with anti-Ci-ﬁbrn antibody is shown in green. Staining with phalloidin is shown in
een. Scale bar, 50 μm. (D–F) Extension and distribution of Ci-ﬁbrn into the anterior and
) dorsal and (F) lateral view. (D) Staining of embryos with anti-Ci-ﬁbrn antibody (green)
sterisk indicates the anterior border of the notochord; and arrowheads indicate Ci-ﬁbrn
an embryo injected with Ci-Bra (notochord) promoter:ﬁbrn-EGFP (green), (E′, F′) Ci-Nut
iagram illustrating the distribution of Ci-ﬁbrn protein in the notochord (light blue) and
d lTb, late tailbud stage. ATEN, apical-trunk epidermal neuron; DCEN, dorsal–caudal
sceral ganglion.
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ﬁbrn distribution were also examined. Embryos were treated with
either DMSO (8 μl/ml), cytochalasin D (40 μg/ml) or nocodazole (40
μg/ml), and the extracellular transport of Ci-ﬁbrn was shown to be
inhibited by treatment with cytochalasin D, which inhibits actin
polymerization (Supplementary Fig. S1). Ci-ﬁbrn and Ci-ﬁbrnΔNT
showed a similar distribution, appearing as two lines in the dorsal
side of the initial taibud stage embryo (Supplementary Fig. S1,
arrowheads), although the Ci-ﬁbrnΔNT showed a more spread-out
distribution compared to full-length Ci-ﬁbrn. This result is consistent
with that shown in Fig. 2F. These results suggest that the
extracellular Ci-ﬁbrn distribution is likely to be actin-based and is
consistent with ﬁndings reported for Drosophila Scabrous (Chou and
Chien, 2002).
Ci-ﬁbrn plays a role in axon guidance
Next, the positional relationship between Ci-ﬁbrn and the nervous
system was characterized. Examination of Ci-ﬁbrn distribution as
compared to the axon-speciﬁc synaptotagmin gene (Katsuyama et al.,
2002) showed that axons (Fig. 3A, green) ran directly over the Ci-
ﬁbrn protein (Fig. 3A, magenta) in the dorsal nerve cord of the tail.
Thus, at least in this region, notochord-derived Ci-ﬁbrn protein and
synaptotagmin-positive neurons appear to be expressed in adjacent
cells.
As mentioned above, the expression of Ci-ﬁbrnΔNT resulted in
a more spread-out distribution of Ci-ﬁbrn underneath the dorsal
by positioned neural cells. If the Ci-ﬁbrn distribution is related to
the position of axons, injection of Ci-ﬁbrnΔNT might disturb the
axon guidance. To test whether Ci-ﬁbrn plays a role in axon
guidance, the Ci-Bra promoter:Ci-ﬁbrnΔNT-RFP construct was
injected into fertilized eggs, and upregulated Ci-ﬁbrnΔNT distribu-
tion was observed along the axonal pathways (Fig. 3B, lower panel
and right panel, magenta). Axon elongation was visualized by
injecting an Hr-synaptotagmin (neuron) promoter:EGFP construct
into fertilized eggs (Fig. 3B, C, green). The axonal pathways
appeared to be disrupted in embryos injected with the Ci-ﬁbrnΔNT
constructs (Fig. 3B, lower panel and Fig. 3C, right panel, green).
Control embryos injected with either Ci-Bra promoter:RFP or Ci-
ﬁbrn-RFP showed a normal linear pattern of axon elongation
(Fig. 3B, upper panel and left panel, green). In contrast, axons in
experimental embryos injected with Ci-ﬁbrnΔNT-RFP were bent
and did not run straight along the embryonic mid-line at 17 h
after fertilization (Fig. 3B, lower panel). Ci-ﬁbrnΔNT-RFP over-
expression caused a signiﬁcant increase in the number of embryos
with branched neurons (Fig. 3D). In addition, the over-expression
disrupted the linear axonal elongation as compared to that in control
embryos (Fig. 3E, F). These results strongly suggest that the correct
distribution of Ci-ﬁbrn plays an important role in axonal guidance,
and the FBG domain of the Ci-ﬁbrn protein is involved in axon
elongation.
Ci-ﬁbrn localization and interaction with Ci-Notch
As mentioned before, in Drosophila, Scabrous (sca) mutations
affect a subset of Notch functions. Since Notch signaling plays a
pivotal role in the formation of the chordate nervous system, we
also examined the distribution and function of Notch in Ciona
embryos. As shown in Fig. 4, the zygotic expression of the Ci-Notch
gene was seen in the neural tube by in situ hybridization (Fig. 4A,
upper panel) and Notch protein product was also clearly expressed
found in the neural tube, as assessed by the expression of the Ci-
Notch promoter: Notch extracellular and transmembrane domain
(NotchExTm)-RFP construct (Fig. 4A, lower panel). A merged
photomicrograph of the Ci-ﬁbrn and Ci-Notch distributions demon-
strated that both proteins are closely positioned along the boundarybetween the neural tube and notochord-derived Ci-ﬁbrn (Fig. 4A
lower panels).
To examine the interaction of these two proteins more directly,
pull-down assays were performed with epitope-tagged protein
expression constructs transfected in HEK293 cells. The full-length
or the truncated form of ﬂag-tagged Ci-ﬁbrn was co-transfected
with a GST-tagged Ci-Notch extracellular domain (Ci-NotchEx). The
results of this GST pull-down assay suggested that Ci-ﬁbrn-ﬂag and
GST-Ci-NotchEx interacted physically with each other (Fig. 4C). This
physical interaction seemed to be speciﬁc, as there was no
detectable interaction between ﬁbrn-ﬂag and the GST epitope
alone. To identify which Ci-ﬁbrn domains are required for this
association, deletion constructs of Ci-ﬁbrn were employed. These
analyses showed that the ﬁbrn3DN-ﬂag was sufﬁcient to interact
with NotchEx (data not shown), while Ci-ﬁbrnΔNT-ﬂag failed to
associate with GST-NotchEx protein (Fig. 4C). These results suggest
that the Ci-ﬁbrn N-terminal domain serves as the mediator for the
possible physical interaction with Ci-Notch. The interaction between
ﬁbrinogen-like and Notch appears to be conserved among species,
as the Drosophila Scabrous has been reported to bind Notch (Powell
et al., 2001).
Notch signaling from the dorsal nervous system might regulate
Ci-ﬁbrn distribution
To further examine the possible interaction between Ci-ﬁbrn and
Ci-Notch during embryogenesis, Ci-Notch(CNS) promoter:RFP
(magenta), Ci-Bra (notochord) promoter:GFP (green), and Ci-ﬁbrn
MO were co-injected (Fig. 4D). In Ci-ﬁbrn-MO injected embryos, the
level of Ci-Notch promoter:RFP (magenta) expression was remarkably
reduced, resulting in a severe disruption of the formation of the
nervous system (Fig. 4D, lower panel).
As mentioned above, Ci-ﬁbrn interacts with Ci-Notch physically.
Next, we examined whether the distribution of Ci-ﬁbrn protein was
dependent on Notch signaling at the nerve chord. The Ci-Bra
(Notochord) promoter:Ci-ﬁbrn-RFP was injected into one-cell stage
embryos. These embryos were treated with DAPT, a γ-secretase
inhibitor, which blocks Notch signaling. This inhibition suppressed the
extracellular distribution of Ci-ﬁbrn and thus Ci-ﬁbrn was retained by
the cells (Fig. 4E, lower panel). The role of Notch signaling in Ci-ﬁbrn
distribution was also examined by injecting a Ci-Notch promoter
attached to a Notch active-form-myc construct that lacked the
extracellular and the transmembrane domains. These injections
resulted in a wider distribution of the Ci-ﬁbrn protein as compared
to controls (Fig. 4E, middle panel), suggesting that the extracellular
transport as well as the correct distribution of Ci-ﬁbrn protein is very
likely to be dependent upon neural tube-initiated Notch signaling.
Thus, here we demonstrated for the ﬁrst time that the transport and
distribution of Ci-ﬁbrn protein from the notochord is dependent upon
neural tube-initiated Notch signaling. Our data suggested that there is
an interaction between the notochord and the neural tube via neural
tube-initiated Notch signaling. Future studies will elucidate the
interaction between the notochord and the neural tube.
Ci-ﬁbrn might regulate the dorsal positioning of neuronal cells
As mentioned above, Notch signaling initiated by the dorsal
nervous system is likely to regulate the Ci-ﬁbrn distribution.
However, it is also possible that the extracellular distribution of Ci-
ﬁbrn governs the dorsal positioning of the neuronal cells and vice
versa. The combined effects of the Ci-ﬁbrn3DN mutation and DAPT
treatment on the positioning of neuronal cells and their axon
guidance were therefore examined. As mentioned above, the DXDXD
motif of the Ci-ﬁbrn FBG domain is essential for the extracellular
distribution of the protein (Fig. 2E). When embryos were injected
with an exogenous Ci-ﬁbrn3DN construct, the distribution of
7S. Yamada et al. / Developmental Biology 328 (2009) 1–12intrinsic Ci-ﬁbrn protein was slightly disturbed (Fig. 5B″), and the
positioning of neuronal cells also appeared more ventral as
compared to that in normal embryos (Fig. 5B, B′). Axon elongation
was also partially suppressed (Fig. 5B).
A further disturbance in neuronal cell positioning and axon
elongation was observed when Notch signaling was inhibited byFig. 3. The Ci-ﬁbrnΔNTmutation disrupts axonal guidance in the tail. (A) (left panel) Expressio
fusion gene constructs of Hr-synaptotagmin (neuron) promoter:EGFP (green) and Ci-Bra (not
the surface of Ci-ﬁbrn (magenta). Arrowheads indicate axon elongation over Ci-ﬁbrn. Scale
slices in the xz and yz-planes are shown above and to the left of the xy-axis view, respectiv
arrowheads). Scale bar, 20 μm. (B) Time course from 13 h to 17 h of embryos co-electroporat
panel). Scale bars: 50 μm in right panel and 20 μm in left panel. (C) (left panel) Expression of G
gene constructs ofHr-synaptotagmin (neuron) promoter:EGFP (green) and Ci-Bra promoter:R
(magenta). (right panel) Altered axon extension in embryos injected with Ci-Bra promoter:C
(promoter):EGFP. Scale bar, 50 μm. (D) A graph showing the ratio (%) of the number of tadpo
(left) and larvae injected with Ci-ﬁbrnΔNT (right). Dotted lines indicate the midline of the la
extension, represented by distance (μm) from the midline. Values are means±s.d. ⁎Pb0.01.DAPT (Fig. 5C, C′). The combination of the Ci-ﬁbrn 3DNmutation with
DAPT treatment (which caused the loss of Ci-ﬁbrn distribution in the
dorsal trunk region (Fig. 5D″)) had even more severe effects on the
distribution of neuronal cells and axon elongation (Fig. 5D, D').
Neuronal cells were distributed randomly in the trunk region of
manipulated embryos, and axon elongation was completelyn of GFP and RFP reporters in the tail of a larva that developed from an egg injectedwith
ochord) promoter:Ci-ﬁbrn-RFP (magenta). Axons (green) extend in the neuronal cell at
bar, 50 μm. (right panel) Higher magniﬁcation images of the tail region. Cross-sectional
ely. Axonal extension was seen with Hr-synaptotagmin (neuron) promoter:EGFP (white
ed with Syt:GFP and Bra:Ci-ﬁbrn-RFP (upper panel) or with Bra:Ci-ﬁbrnΔNT-RFP (lower
FP and RFP reporters in the tail of a larva that developed from an egg injectedwith fusion
FP (magenta). Axons (green) of the neuronal cells extend along the cells of the notochord
i-ﬁbrnΔNT (white arrowheads). Axon extension was visualized using Hr-synaptotagmin
le larvae that exhibited aberrant branched axons. (E) Tracing of axons in control larvae
rval tail and solid lines the axon extension. (F) A graph showing the disruption of axon
8 S. Yamada et al. / Developmental Biology 328 (2009) 1–12suppressed (Fig. 5D). These results suggest that the correct distribu-
tion of notochord-based Ci-ﬁbrn is likely to be established by nervous
system-based Notch signaling. This interaction, in turn, coordinately
governs the dorsal positioning of neuronal cells. The axon elongation
in the tail region of Ci-ﬁbrn3DN/DAPTembryos appeared normal (data
not shown), presumably due to the distribution of intrinsic Ci-ﬁbrn
proteins (Fig. 5D″).Discussion
Transcription factors (including Otx), and cell signaling pathways
(including the Nodal, Notch, Shh, BMP and FGF pathways) have been
shown to play pivotal roles in the formation of the CNS and in
neuronal cell-type speciﬁcation in vertebrate embryos (reviewed by
Jessell, 2000; Wilson and Edlund, 2001; Wilson and Maden, 2005). A
Fig. 5. The combination of Ci-ﬁbrn 3DN mutation and DAPT treatment disrupts neuronal cell positioning in the trunk region. (A) Expression of EGFP and RFP reporters in larvae
injected with Hr-synaptotagmin(promoter):EGFP (green) and Ci-Bra(promoter):RFP (magenta), showing a normal distribution of neuronal cells with extended axons. Scale bar,
50 μm. (B) Expression of Hr-synaptotagmin(promoter):EGFP (green) and Ci-ﬁbrn3DN:RFP (magenta). (C) Expression of Hr-synaptotagmin(promoter):EGFP (green) and Ci-Bra
(promoter):RFP (magenta) in embryos treated with DAPT. (D) The combination of Ci-ﬁbrn3DN mutation and DAPT treatment disrupted neuronal patterning. Neuronal cells without
axons were seen in the ventral region (asterisks). (A′–D′) Phase-contrast view of EGFP reporter expression in larvae injectedwith Hr-synaptotagmin (promoter):EGFP (green). (A″–D″)
Staining of late-tailbud stage embryos with anti-Ci-ﬁbrn antibody (green) showing the distribution of Ci-ﬁbrn proteins in control and experimental embryos at 12 h after fertilization.
(E) A graph showing the disruption of synaptotagmin-positive neuron dorsal positioning.
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molecule responsible for the correct dorsal positioning of neuronal
cells as well as their appropriate axon guidance. The present study
demonstrates for the ﬁrst time in chordate embryos that a protein
produced by notochord cells is distributed underneath the neuronal
cells and interacts with the Notch signaling that initiates from the
neural tube. This interaction plays an essential role in the dorsal
positioning of the neuronal cells (Fig. 6A).
The functional properties and the detailed molecular mechanisms
of Ci-ﬁbrn remain to be elucidated in future studies. To examine the
possible function of Ci-ﬁbrn in the notochord formation, We micro-
injected a speciﬁc morpholino antisense-oligo (MO) into fertilized
eggs (data not shown). The injection of Ci-ﬁbrnMO caused failure of
the convergent extension movement of notochord cells, and thus the
tails of the injected embryos did not elongate. In addition, MO-
injected embryos with Ci-Nut promoter:EGFP, Ci-Nut expression
decreased in number, and most of them failed to form sensory
pigment cells. The functional loss of Ci-ﬁbrn, however, did not affect
the expression of other notochord-speciﬁc genes, including Ci-Noto1,
or of other muscle-speciﬁc genes, including Ci-MRLC. These results
suggest that Ci-ﬁbrn is likely to have a dual function in notochord cellsFig. 4. Ci-ﬁbrn is physically associatedwith Ci-Notch, and the Notch signaling pathway is essen
panel) Speciﬁc expression of the Ci-Notch gene in the dorsal central nervous systemof amid-tailb
an embryo injected with a Ci-Notch (CNS) promoter:EGFP construct (green). Subcellular di
(magenta). Merged photomicrograph showing a close positional relationship between Ci-Notc
region co-electroporatedwith Ci-Notch promoter: NotchExTm-RFP and Ci-Bra promoter:ﬁbrn-G
axis view, respectively. Arrowheads indicate the distribution of Ci-ﬁbrn over Ci-Notch. (B) Sche
the interaction between Ci-ﬁbrn and Ci-Notch proteins. HEK293 cells were transfected with G
afﬁnity precipitated by the GST-tag. The lysates and GST pull-down were detected by anti-ﬂ
expression. Control morpholino did not affect the expression of Ci-Notch (upper panels). In co
panel). (E) Ci-Notch signaling affects Ci-ﬁbrn protein distribution. The Ci-Notch (CNS) promo
transmembrane domain, and a γ-secretase inhibitor (DAPT) which blocks Notch signaling, af
injectedwith Ci-Bra(promoter):RFP (magenta) shows thenotochord position in the tail. (Middle
panel) (G, H)Distribution of Ci-ﬁbrnprotein in (G) an embryo treatedwithDAPT, and in (H) an emof Ciona embryos. First, during an early phase of notochord formation,
Ci-ﬁbrn is likely to be required for convergent-extension movement of
the cells. The zygotic expression of Ci-ﬁbrn starts at the neural plate
stage (Fig. 1A) and Ci-ﬁbrn protein becomes detectable with a speciﬁc
antibody at the neurula stage. These stages are those in which
notochord cells perform active convergent extension movement
(Munro and Odell, 2002a,b). Therefore, suppression of Ci-ﬁbrn protein
production causes failure of convergent-extension of notochord cells,
although the detailed mechanism should be explored in future
studies. Second, during a later phase of notochord formation, Ci-
ﬁbrn plays a pivotal role in the dorsal positioning of neuronal cells and
in axon guidance. Future studies also should discriminate between
these two possible functions.
Ci-ﬁbrn was ﬁrst isolated by subtraction experiment of transcripts
in Ci-Bra overexpressing embryos minus those in intact control
embryos (Takahashi et al., 1999). A full-length sequence determina-
tion suggested that Ci-ﬁbrn is a component of the extracellular matrix
(ECM), which constitutes the notochord sheath (Hotta et al., 2000).
Therefore, the function of Ci-ﬁbrn as the component of the
notochordal sheath should be studied in relation to other components
of the ECM.tial for Ci-ﬁbrn protein distribution. (A) Distribution of Notch and Ci-ﬁbrn proteins. (Upper
ud embryo, assessedbywhole-mount in situhybridization. Expressionof EGFP reporter in
stribution of Ci-ﬁbrn protein visualized with Ci-Bra (notochord) promoter:Ci-ﬁbrn:RFP
h and Ci-ﬁbrn proteins. Scale bars, 50 μm. (Lower panel) Higher magniﬁcation of a head
FP. Cross-sectional slices in the xz and yz-planes are shown above and to the left of the xy-
matic representation of Ci-Notch deletion constructs. (C) GST pull-down assay to examine
ST-tagged Ci-NotchEx plus the full-length Ci-ﬁbrn-ﬂag or plus Ci-ﬁbrnΔNT-ﬂag, and were
ag and anti-GST Western blotting assays. (D) Effects of Ci-ﬁbrn knockdown on Ci-Notch
ntrast, loss of Ci-ﬁbrn function resulted in the suppression of Ci-Notch expression (lower
ter:NotchΔExTm (Notch active form)-myc construct, which lacks the extracellular and
fected the Ci-ﬁbrn distribution. (Upper panel) Expression of RFP reporters in an embryo
panel) (F) Extracellular distribution of Ci-ﬁbrnprotein visualizedwith Ci-ﬁbrn:RFP. (Lower
bryo injectedwith the Ci-Notch(promoter):Notch active formconstruct. Scale bars, 50 μm.
Fig. 6.Model of proposed Ci-ﬁbrn and Ci-Notch interactions. (A) Diagram illustrating results obtained in the present study. (B) Diagram illustrating the role of Notch signaling in the
function of Ci-ﬁbrn. See the text for details.
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ﬁbrn, the mutation of the conserved DXDXD motif of the Ci-ﬁbrn
FBG domain resulted in the suppression of the extracellular Ci-ﬁbrn
distribution (Fig. 2E; 6A, right). In ﬁbrinogens, the DXDXD motif
appears to be important for protein-protein interactions in ﬁbrin
polymerization (Shimizu et al., 1992). The human ﬁbrinogen
Vlissingen mutant γ-chain (FbgVlissingen) deleting two amino
acids from the DXDXD motif showed defective coagulation (Fig.
2C) (Koopman et al., 1991). Therefore, it is possible that the Ci-
ﬁbrn3DN mutant disrupts the interaction of the FBG domain with
other proteins. It has been shown that ﬁbrinogen binds to the
platelet and leukocyte integrin receptors that contribute to inﬂam-
matory responses (Kloczewiak et al., 1984; Flick et al., 2004;
Mosesson, 2005). ECM components regulate the morphology and
motility of neuronal growth cones, and the neurite outgrowth on
ECM substrata is mediated by integrin receptors. Integrin-mediated
adhesion controls ECM-dependent growth and neurite guidance
during nervous system development (Hoang and Chiba, 1998; Robles
and Gomez, 2006). We found that Ci-ﬁbrn played a role in the axon
guidance of neuronal cells (Fig. 3). Our ﬁndings support the idea that
the ﬁbrinogen-like domain functions in regulating such axon
guidance. Consistent with this notion, both notochord-derived
ﬁbrinogen-like proteins (ECM ligands) and neuronal integrin
receptors have been implicated in the regulation of axon guidance
(Robles and Gomez, 2006).
Ci-ﬁbrnΔNT mutants showed wider distribution of Ci-ﬁbrn as
compared to the wild type Ci-ﬁbrn in embryos at the mid-tailbudstage (Fig. 2D, F; 6A, middle). The present study also demonstrated
that the Ci-ﬁbrnΔNT mutants showed defect in the localization of
Ci-ﬁbrn at the two dorsal lines in embryos at the initial tailbud stage
(Supplementary Fig. S1). Together, these observations suggest that
the Ci-ﬁbrn N-terminal domain has a function to direct the proper
distribution of Ci-ﬁbrn proteins. Powell et al. (2001) reported that the
secreted protein Scabrous associates with Notch and can stabilize
Notch protein at the surface. The result is a regulation of Notch
activity that sharpens the proneural cluster boundaries and ensures
the establishment of single pioneer neurons. The present study
demonstrated that the N-terminal half of Ci-ﬁbrn is essential for the
physical interaction of Ci-ﬁbrn with the Ci-Notch extracellular
domain (Fig. 4C; 6B). Our results also indicated that the extracellular
transport as well as the correct distribution of Ci-ﬁbrn protein was
dependent upon the Notch signaling initiating from the neural tube
(Fig. 4E). The over-expression of Notch caused disturbed distribution
of Ci-ﬁbrn, which resulted in the repression of neuronal cell
differentiation Fig. 6A, left). Therefore, these ﬁndings demonstrate
that the interaction between the notochord-based ﬁbrinogen-like
protein and neural tube-based Notch signaling is essential for the
dorsal positioning of the neuronal cells (Fig. 6B). However, the actual
molecular mechanisms are no doubt more complicated than those
described here. These mechanisms should be explored in detail in
future studies, especially with respect to Delta function (De
Joussineau et al., 2003), for example.
Recent studies demonstrated that urochordates are the closest
living relatives to vertebrates (Bourlat et al., 2006; Delsuc et al., 2006;
11S. Yamada et al. / Developmental Biology 328 (2009) 1–12Putnam et al., 2008). Because the gene networks involved in the
formation of the notochord and nervous system are shared between
ascidians and vertebrates (Satoh, 2003; Meinertzhagen et al., 2004),
similar interactions most likely occur in vertebrate embryos as well. In
vertebrates, the expression and the function of ﬁbrinogen-like genes
have been studied primarily in relation to the innate immune system
(e.g., Ning et al., 2005). Future studies should be performed to examine
the interaction between ﬁbrinogen-related proteins and Notch
signaling in relation to the positioning of vertebrate neuronal cells.
In conclusion, the present study demonstrates for the ﬁrst time in
chordate embryos that Ci-ﬁbrn produced by notochord cells is
speciﬁcally distributed underneath the neural tube and interacts
with the Notch signaling initiating from the neural tube, and that this
interaction plays an essential role in the patterning of the nervous
system.
Acknowledgments
We thank Drs. Yasushi Okamura, Atsuo Nishino and Makoto
Nakamura for useful discussions; Dr. Takahito Nishikata for the gift
of Ci-Nut construct; Kazumi Taniyama, Chiyo Takagi, and Kazuko
Hirayama for technical support. This work was supported by
Grants-in-Aid from MEXT (N.S. and H.T.) and JSPS (H.T.), Japan, the
Cooperative Study Program of National Institute for Physiological
Sciences (H.T.). This study was also supported by the National Bio-
Resource Project (NBRP) of MEXT, Japan, BIRD of Japan Science and
Technology Agency, and Global COE program A06 to Kyoto University.
Appendix A. Supplementary data
Supplementary data associated with this article can be found, in
the online version, at doi:10.1016/j.ydbio.2008.12.037.References
Akanuma, T., Hori, S., Darras, S., Nishida, H., 2002. Notch signaling is involved in nervous
system formation in ascidian embryos. Dev. Genes Evol. 212, 459–472.
Artavanis-Tsakonas, S., Rand, M.D., Lake, R.J., 1999. Notch signaling: cell fate control and
signal integration in development. Science 284, 770–776.
Baker, N.E., Mlodzik, M., Rubin, G.M., 1990. Spacing differentiation in the developing
Drosophila eye: a ﬁbrinogen-related lateral inhibitor encoded by scabrous. Science
250, 1370–1377.
Bertrand, V., Hudson, C., Caillol, D., Popovici, C., Lemaire, P., 2003. Neural tissue in
ascidian embryos is induced by FGF9/16/20, acting via a combination of maternal
GATA and Ets transcription factors. Cell 115, 615–627.
Bourlat, S.J., Juliusdottir, T., Lowe, C.J., Freeman, R., Aronowicz, J., Kirschner, M., Lander,
E.S., Thorndyke, M., Nakano, H., Kohn, A.B., et al., 2006. Deuterostome phylogeny
reveals monophyletic chordates and the new phylum Xenoturbellida. Nature 444,
85–88.
Chou, Y.H., Chien, C.T., 2002. Scabrous controls ommatidial rotation in the Drosophila
compound eye. Dev. Cell 3, 839–850.
Cloney, R.A., 1990. Urochordata-ascidiacea. In: Adiyodi, K.G., Adiyodi, R.G. (Eds.),
Reproductive Biology of Invertebrates. Oxford and IBH, New Delhi, pp. 391–451.
Corbo, J.C., Levine, M., Zeller, R.W., 1997. Characterization of a notochord-speciﬁc
enhancer from the Brachyury promoter region of the ascidian, Ciona intestinalis.
Development 124, 589–602.
Dehal, P., Satou, Y., Campbell, R.K., Chapman, J., Degnan, B., De Tomaso, A., Davidson, B.,
Di Gregorio, A., Gelpke, M., Goodstein, D.M., et al., 2002. The draft genome of Ciona
intestinalis: insights into chordate and vertebrate origins. Science 298, 2157–2167.
De Joussineau, C., Soule, J., Martin, M., Anguille, C., Montcourrier, P., Alexandre, D., 2003.
Delta-promoted ﬁlopodia mediate long-range lateral inhibition in Drosophila.
Nature 426, 555–559.
Delsuc, F., Brinkmann, H., Chourrout, D., Philippe, H., 2006. Tunicates and not
cephalochordates are the closest living relatives of vertebrates. Nature 439,
965–968.
Etani, K., Nishikata, T., 2002. Novel G-protein-coupled receptor gene expressed
speciﬁcally in the entire neural tube of the ascidian Ciona intestinalis. Dev. Genes
Evol. 212, 447–451.
Flick, M.J., Du, X., Witte, D.P., Jirouskova, M., Soloviev, D.A., Busttil, S.J., Plow, E.F., Degen,
J.L., 2004. Leukocyte engagement of ﬁbrn(ogen) via the integrin receptor alpha
Mbeta2/Mac-1 is critical for host inﬂammatory response in vivo. J. Clin. Invest. 113,
1596–1606.
Hancock, W.W., Szaba, F.M., Berggren, K.N., Parent, M.A., Mullarky, I.K., Pearl, J., Cooper,
A.M., Ely, K.H., Woodland, D.L., Kim, I.J., et al., 2004. Intact type 1 immunity andimmune-associated coagulative responses in mice lacking IFN γ-inducible ﬁbrino-
gen-like protein 2. Proc. Natl. Acad. Sci. U. S. A. 101, 3005–3010.
Hino, K., Satou, Y., Yagi, K., Satoh, N., 2003. A genomewide survey of developmentally
relevant genes in Ciona intestinalis: VI. Genes for Wnt, TGFβ, hedgehog and JAK/
STAT signaling pathways. Dev. Genes Evol. 213, 264–272.
Hotta, K., Takahashi, H., Asakura, T., Saitoh, B., Takatori, N., Satou, Y., Satoh, N., 2000.
Characterization of Brachyury-downstream notochord genes in the Ciona intesti-
nalis embryo. Dev. Biol. 224, 69–80.
Hotta, K., Takahashi, H., Satoh, N., Gojobori, T., 2008. Brachyury–downstream gene sets
in a chordate, Ciona intestinalis: integrating notochord speciﬁcation, morphogen-
esis and chordate evolution. Evol. Dev. 10, 37–51.
Hu, X., Le, E., Baker, N., 1995. Molecular analysis of Scabrous mutant alleles from Dro-
sophila melanogaster indicates a secreted protein with two functional domains.
Genetics 141, 607–617.
Hudson, C., Lemaire, P., 2001. Induction of anterior neural fates in the ascidian Ciona
intestinalis. Mech. Dev. 100, 189–203.
Imai, K.S., Levine, M., Satoh, N., Satou, Y., 2006. Regulatory blueprint for chordate
embryo. Science 312, 1183–1187.
Jessell, T.M., 2000. Neuronal speciﬁcation in the spinal cord: inductive signals and
transcriptional codes. Nat. Rev. Genet. 1, 20–29.
Jiang, D., Smith, W.C., 2007. Ascidian notochord morphogenesis. Dev. Dyna 236,
1748–1757.
Jiang, D., Munro, E.M., Smith, W.C., 2005. Ascidian prickle regulates both medio-
lateral and anterior–posterior cell polarity of notochord cells. Curr. Biol. 15,
79–85.
Katsuyama, Y., Matsumoto, J., Okada, T., Ohtsuka, Y., Chen, L., Okado, H., Okamura, Y.,
2002. Regulation of synaptotagmin gene expression during ascidian embryogen-
esis. Dev. Biol. 244, 293–304.
Kloczewiak, M., Timmons, S., Lukas, T.J., Hawiger, J., 1984. Platelet receptor recognition
site on human ﬁbrinogen. Synthesis and structure-function relationship of peptides
corresponding to the C-terminal segment of the γ-chain. Biochemistry 23,
1769–1774.
Koopman, J., Haverkate, F., Briet, E., Lord, S.T., 1991. A congenitally abnormal
Fibrinogen (Vlissingen) with a 6-base deletion in the γ-chain gene, causing
defective calcium binding and impaired ﬁbrin polymerization. J. Biol. Chem. 266,
13456–13461.
Louvi, A., Artavanis-Tsakonas, S., 2006. Notch signalling in vertebrate neural develop-
ment. Nat. Rev. Neurosci. 7, 93–102.
Meinertzhagen, I.A., Lemaire, P., Okamura, Y., 2004. The neurobiology of the ascidian
tadpole larva: recent developments in an ancient chordate. Annu. Rev. Neurosci. 27,
453–485.
Miyamoto, D.M., Crowther, R.J., 1985. Formation of the notochord in living ascidian
embryos. J. Embryol. Exp. Morphol. 86, 1–17.
Mlodzik, M., Baker, N.E., Rubin, G.M., 1990. Isolation and expression of scabrous, a gene
regulating neurogenesis in Drosophila. Genes Dev. 4, 1848–1861.
Mosesson, M.W., 2005. Fibrinogen and ﬁbrin structure and functions. Thromb.
Haemost. 3, 1894–1904.
Munro, E.M., Odell, G., 2002a. Morphogenetic pattern formation during ascidian
notochord formation is regulative and highly robust. Development 129, 1–12.
Munro, E.M., Odell, G.M., 2002b. Polarized basolateral cell motility underlies
invagination and convergent extension of the ascidian notochord. Development
129, 13–24.
Ning, Q., Sun, Y., Han, M., Zhang, L., Zhu, C., Zhang, W., Guo, H., Li, J., Yan, W., Gong, F.,
et al., 2005. Role of ﬁbrinogen-like protein 2 prothrombinase/ﬁbroleukin in
experimental and human allograft rejection. J. Immunol. 174, 7403–7411.
Nishida, H., 1987. Cell lineage analysis in ascidian embryos by intracellular injec-
tion of a tracer enzyme. III. Up to the tissue restricted stage. Dev. Biol. 121,
526–541.
Nishida, H., 2005. Speciﬁcation of embryonic axis andmosaic development in ascidians.
Dev. Dyn. 233, 1177–1193.
Parr, R.L., Fung, L., Reneker, J., Myers-Mason, N., Leibowitz, J.L., Levy, G., 1995. Association
of mouse ﬁbrinogen-like protein with murine hepatitis viruseinduced prothrom-
binase activity. J. Virol. 69, 5033–5038.
Passamaneck, Y.J., Di Gregorio, A., 2005. Ciona intestinalis: chordate development made
simple. Dev. Dyn. 233, 1–19.
Powell, A.P., Wesley, C., Spencer, S., Cagan, L.R., 2001. Scabrous complex-s with Notch to
mediate boundary formation. Nature 409, 626–630.
Putnam, N.H., Butts, T., Ferrier, D.E.K., Furlong, R.F., Hellsten, U., Kawashima, T.,
Robinson-Rechavi, M., Shoguchi, E., Terry, A., Yu, J., Benito-Gutiérrez, È., Dubchak, I.,
Garcia-Ferna, ndez, J., Gibson-Brown, J.J., Grigoriev, I.V., Horton, A.C., de Jong, P.J.,
Jurka, J., Kapitonov, V.V., Kohara, Y., Kuroki, Y., Lindquist, E., Lucas, S., Osoegawa, K.,
Pennacchio, L.A., Salamov, A.A., Satou, Y., Sauka-Spengler, T., Schmutz, J., Shin-i, T.,
Toyoda, A., Bronner-Fraser, M., Fujiyama, A., Holland, L.Z., Holland, P.W.H., Satoh, N.,
Rokhsar, D.S., 2008. The amphioxus genome and the evolution of the chordate
karyotype. Nature 453, 1064–1071.
Robles, E., Gomez, T.M., 2006. Focal adhesion kinase signaling at sites of integrin-
mediated adhesion controls axon pathﬁnding. Nat. Neurosci. 9, 1274–1283.
Renaud, O., Simpson, P., 2001. Scabrous modiﬁes epithelial cell adhesion and extends
the range of lateral signaling during development of the spaced bristle pattern in
Drosophila. Dev. Biol. 240, 361–376.
Satoh, N., 2003. The ascidian tadpole larva: comparative molecular development and
genomics. Nat. Rev. Genet. 4, 285–295.
Satoh, N., Levine, M., 2005. Surﬁng with the tunicates into the post-genome era. Genes
Dev. 19, 2407–2411.
Satoh, N., Satou, Y., Davidson, B., Levine, M., 2003. Ciona intestinalis: an emerging model
for whole-genome analyses. Trends Genet. 19, 376–381.
12 S. Yamada et al. / Developmental Biology 328 (2009) 1–12Satou, Y., Imai, K.S., Satoh, N., 2001. Action of morpholinos in Ciona embryos. Genesis 30,
103–106.
Satou, Y., Imai, K.S., Levine, M., Kohara, Y., Rokhsar, D., Satoh, N., 2003a. A genomewide
survey of developmentally relevant genes in Ciona intestinalis: I. Genes for bHLH
transcription factors. Dev. Genes Evol. 213, 213–221.
Satou, Y., Sasakura, Y., Yamada, L., Imai, K.S., Satoh, N., Degnan, B., 2003b. A genomewide
survey of developmentally relevant genes in Ciona intestinalis: V. Genes for receptor
tyrosine kinase pathway and Notch signaling pathway. Dev. Genes Evol. 213,
254–263.
Shi, W., Levine, M., Davidson, B., 2005. Unraveling genomic regulatory networks in the
simple chordate, Ciona intestinalis. Genome Res. 15, 1668–1674.
Shimizu, A., Nagel, G.M., Doolittle, R.F., 1992. Photoafﬁnity labeling of the primary ﬁbrin
polymerization site: isolation and characterization of labeled cyanogens bromide
fragment corresponding to γ–chain residues 337-379. Proc. Natl. Acad. Sci. U. S. A.
89, 2888–2892.Takahashi, H., Hotta, K., Erives, A., Di Gregorio, A., Zeller, R.W., Levine, M., Satoh, N.,1999.
Brachyury downstream notochord differentiation in the ascidian embryo. Genes
Dev. 13, 1519–1523.
Wada, H., Saiga, H., Satoh, N., Holland, P.W.H., 1998. Tripartite organization of the
ancestral chordate brain and the antiquity of placodes: insights from ascidian Pax2/
5/8, Hox and Otx genes. Development 125, 1113–1122.
Wada, S., Tokuoka, M., Shoguchi, E., Kobayashi, K., Di Gregorio, A., Spagnuolo, A., Branno,
M., Kohara, Y., Rokhsar, D., Levine, M., et al., 2003. A genomewide survey of
developmentally relevant genes in Ciona intestinalis: II. Genes for homeobox
transcription factors. Dev. Genes Evol. 213, 222–234.
Wilson, S.I., Edlund, T., 2001. Neural induction: toward a unifying mechanism. Nat.
Neurosci. 4 Suppl, 1161–1168.
Wilson, L., Maden, M., 2005. The mechanisms of dorsoventral patterning in the
vertebrate neural tube. Dev. Biol. 282, 1–13.
Yasuo, H., Satoh, N., 1993. Function of vertebrate T gene. Nature 364, 582–583.
